This paper describes the use of new methods of detecting faults in medium-voltage overhead lines built of covered conductors. The methods mainly address such faults as falling of a conductor, contacting a conductor with a tree branch, or falling a tree branch across three phases of a medium-voltage conductor. These faults cannot be detected by current digital relay protection systems. Therefore, a new system that can detect the above mentioned faults was developed. After having tested its operation, the system has already been implemented to protect mediumvoltage overhead lines built of covered conductors.
Introduction
In today's technologically developed times, great emphasis is put on providing a reliable supply of electrical energy to households and the transport, industrial and other sectors. New, advanced technologies and methods of timely fault detection help to faster remove of faults, thus increasing reliability of the electrical energy supplies. A new system of overhead lines with SAX-type covered conductors (hereinafter CCs) was developed in Finland in 1976 [1−3] .
Such overhead lines were built in Norway and Sweden as well, and gradually appeared in other member states of the European Union. Employing CCs in the construction of these overhead lines is not much different from using bare wires in outdoor overhead lines; the only difference is in using XLPE insulation in the former [4−6] . By using the insulation, a fault rate of these overhead lines is reduced and it is possible to build the lines in places that are not easily accessible, e.g. in densely forested areas. Unlike typical outdoor overhead lines with AlFe conductors, when a tree branch falls on overhead lines with CCs, an immediate interphase shortcircuit does not occur; therefore, the risk of disconnection from the electrical energy supply is reduced [7, 8] .
A disadvantage of operating overhead lines with CCs is the inability to detect a fault, e.g. in the case of falling of a conductor [9] . When this kind of fault occurs, there is no earth fault and the limit values of digital relay protection starting elements are not exceeded [10, 11] . Hence, digital relay protection systems are not able to detect this type of fault. For such faults, as well as other types of faults associated with CCs, such as a tree branch falling on or merely contacting with a CC, partial discharges (hereinafter PDs) -inner, outer and surface PDs − appear in the fault location (e.g. the point of contact between a conductor and the ground or between a tree branch and CC) [12] . These PDs gradually damage the insulation of the lines. The activity of PDs enlarges the area of a fault, and other insulated areas are being degraded.
During this process, the conductor insulation breaks down and causes a fault (interphase or earth fault). The VŠB-TUO team developed a methodology based on the principle of finding a relation between the occurrence and characteristics of PDs and the origin of faults in overhead lines with CCs. Based on this methodology, a number of measurements were made. Using these measurements, procedures for detecting fault indicators in real medium-voltage overhead lines with CCs were gradually created. The effects of PDs can be worsened by other factors, such as humidity, temperature, solar radiation, atmospheric pressure, rainfall, aerosols, dust, sand, micro-and macro-organisms and the mechanical deterioration of conductors. Based on the information provided above, the occurrence of PDs is the best indicator of overhead line faults [9, 12, 13] .
The current worldwide research is focused on the development of methodologies for detecting the above mentioned faults in the operation of overhead lines with CCs. Most of these methodologies are based on evaluation of PD current pulses, and their selectivity and sensitivity depend on the measurement technique, which must meet high standards, especially the ability to detect pulse sources, and which must include a high-resolution A/D converter and efficient hardware for data processing [14−16] .
The system developed by the team at VŠB-Technical University of Ostrava in the Czech Republic (hereinafter VŠB-TUO) and presented in this study, is able to specify the location and type of a fault [17, 18] . The system operation is based on analysing PD voltage signal pulses using suggested indicators of faults [9] and is not technically demanding.
Method's principles
The method developed by the VŠB-TUO team is based on finding a relation between the occurrence and characteristics of PDs and the origin of faults in overhead lines with CCs. As was stated above, in the first part, the occurrence of PDs is characterized by damaging the insulation system of a variety of devices. These PDs arise in areas of small cavities in the insulation system as an effect of extreme local electrical tension. A simple model and substitution diagram of simulating the voltage and current conditions inside the insulation system is shown in Fig. 1 . Fig. 1 . A simple model of an insulation system with a cavity [19] .
A cavity capacitance (the damaged part of the insulation) is represented by C1, C2 is a capacitance of the residual part of "healthy" insulation (a serial connection of C2 and C1), and C3 presents a significant capacitance of other parts of insulation. A sphere gap (SG) represents flashover in the cavity area and R is a resistivity of the discharge puncture after flashover on SG. When the insulation system is damaged and cavities inside it exist, the voltage on the cavity varies in time according to the formula: 
where v(t) is the power supply voltage. When the value of voltage on the cavity equals the voltage ignition value, a PD occurs. These frequent PDs are superposed onto the carrier of capacitive current component.
Pulse component measurements
The basic part of capacitive current is caused by the supply voltage and for evaluation of PD activity it is not relevant. However, PDs superposed onto the carrier capacitive current, named a pulse component, are very important for evaluation of PD activity inside the insulation system. Two basic methods can be used for indirect evaluation of PD activity: i) evaluation of PD activity in the insulation system of CC by measuring the current signal in CC by a Rogowski sensor [2] , and ii) evaluation of PD activity in the insulation system of CC by measuring the voltage signal of electrical stray field along the CC. Both methods use for evaluation of PD activity a pulse component. The pulse component is generated by PD activity in the insulation system and its occurrence is characterized by a frequency domain of hundreds of kH to MHz. The first method evaluates the pulse component generated by PD activity from the current measured by a Rogowski sensor. The main advantage of this method is a high selectivity of evaluation of PD activity. However, this high selectivity of PD evaluation requires both high sensitivity and accuracy of the Rogowski sensor over a wide frequency range because the pulse component is low-energetic and the measurement period is in the order of microseconds. These high requirements on the Rogowski sensor increase a price of the measurement chain, which is a great disadvantage of this method (i) [2] .
The aim of this paper is to show the possibility of using the second method that evaluates the pulse component generated by PD activity as a voltage signal of the electrical stray field measured along an insulation system, in this case the insulation system of CC. The requirements for development of this method were: high selectivity of fault detection, high reliability and a low price of the prototype CC fault detector.
As was stated in the previous section, the pulse component generated by PD activity in an insulation system of CC is measured as the voltage signal of electrical stray field along the CC. This voltage signal was measured by a capacitor voltage divider (CA-CB) from a circular metal sensor (a circular coil; see Ccoil in Fig. 2 ) through its coupling capacitor Ccoup to the CC. As a sensor it is possible to use, for example, an inductor wound on the CC surface, where Ccoup will be given by the number of turns (see Fig. 2 ). The time characteristic of voltage signal of the electrical stray field on the CC surface is then amplitude-conditioned by means of a capacitor voltage divider with a fixed dividing ratio given by the capacities CA and CB; see Fig. 2 . When the capacitor voltage divider is loaded via a properly selected resistor R1, which may be additionally equipped with a self-inductance, a low pass with advantageous amplitude characteristic occurs; see Fig. 3 (the vertical axisa damping characteristic in dB, the horizontal axis -a frequency in Hz). The voltage signal of the electrical stray field measured by the sensor as a function of time is shown in Fig. 4 , where the red line defines the output voltage signal using a C-divider and the green line defines the output voltage signal using a C-divider with a resistor R1 connected in parallel. From the green line in Fig. 4 , the required pulse component of voltage signal generated by PD activity is visible. This signal can be filtered using a digital filter for elimination of the carrier frequency of power supply and for further specification of a typical frequency range for PD activity (mostly 1−10 MHz). In this way, the original pattern of PD (hereinafter the PD-pattern) arises, corresponding to the actual state of CC insulation system. Next, detection of a CC fault is possible by evaluating this PD-pattern. It means that the shape of the PD-pattern shows the actual state of CC insulation system. For evaluation of the PDpattern it is possible to use some indicators in the time and frequency domain, whereas the requirements for selection of the indicators are: (i) a short evaluation time; (ii) low memory requirements and (iii) selective evaluation. Fig. 4) . If a fault in the CC insulation exists, the PD activity is relevant and the TRMS value is increased; see the blue line in Fig. 4 .
The next modification of the PD-pattern is extraction of a low-level PD signal from the background of an interfering signal source, which is composed of signal sources from the external environment (e.g. radio transmitters).
Therefore, to modify the electrical stray field voltage signal, we used an IIR Butterworth digital filter with an infinite pulse response and maximally flat permeable and impermeable ranges.
Based on the selected basic measurement system for recording and modifying the signal, we developed a fault-detecting system able to analyse the processed data, which is described in the following section.
The main requirement for a fault-detecting system is the oscilloscopic measurement of varying the PD-pattern voltage of electrical stray fields around medium-voltage overhead lines with CCs. We used a measuring card connected via a PCI interface for this purpose. In addition to measuring the PD-pattern, the fault detector measures other conditions, such as temperature, pressure, humidity and global radiation (exposure), since the discharge activity is affected by these factors. These conditions affect, for example, the frequency of PD occurrence, the PD amplitude shape and size .
All measured and processed data are sent by the GSM network to an external computer, where they are processed and an overhead line fault condition is analysed. If the threshold values of indicators are exceeded, the fault detector sends a warning signal to the CC operator.
The fault detector also includes additional control electronic circuits which are used to switch the PC to automatic control, and to measure temperature inside the switchboard (in the case of unnecessary heating). The device is powered by a battery which is charged by photovoltaic panels. Thus, it is possible to use the detector anytime on overhead lines with CCs, even when there is no possibility to get energy from the distributed system power supply.
Measurement of real medium-voltage overhead lines with CCs

Verification of fault detector function
The CC fault detector prototype was installed on 22-kV overhead lines with CCs (Fig. 5) . The main aim was to verify the effect of CC network topology on sensitivity and selectivity of the fault detector prototype and its long-term application in a chosen location with mediumvoltage overhead lines.
To confirm the conclusions and to assess the fault detector functionality, experimental measurements were performed on real overhead lines with CCs (22 kV) in December 2012 and February 2013. The aim of measurements was to obtain new data and to verify the results already gained during the previous period, particularly setting the frequency threshold values (n = 100 s −1 ) and the voltage level of the generated PD voltage signal pulse component rootmean-square (VTRMS = 39 mV). The indicator n (s −1 ) is a frequency of PDs' activity and, as well as VTRMS, was analysed during experimental measurements in the laboratory conditions [9, 13] When these values are exceeded, the fault detector sends a report about a fault in the overhead lines. Different types of faults were simulated on overhead lines with CCs, particularly faults that cannot be detected by current digital relay protection systems. In particular, selectivity and sensitivity of both the methodology and fault detector were verified for such faults as a contact between a tree branch and a phase conductor, a conductor falling on the ground and a contact between two phase conductors. Due to the insulation of conductors, these faults do not have to be cleared immediately. However, the tested fault detector can detect these faults before degradation factors destroy integrity of the insulation in the fault location and cause a single phase-to-earth short-circuit. The results of these experimental measurements are presented below: Fault no. 1 -the point of contact between a tree and CC; Fault no. 2 -breaking off of a CC and its subsequent falling on the ground. To compare the faulty and fault-free conditions (Fig. 6) , we had to measure the PD-pattern in the operating conditions. From the PD-pattern (Fig. 6) , the existence of a pulse component is evident, although the overhead lines with CCs were free of fault generated by a corona discharge at the connector endings on towers with CCs and also by modulation of interfering signals (e.g. radio waves). The software component of fault detection system can recognize the interference and evaluate the signal as fault-free. Fault no. 1 -point of contact between tree and phase conductor. The first measurement was simulation of the point of contact with a phase conductor. This fault was simulated by considering a tree branch located near the outer phase of CC (Fig. 7a) . This type is the worst detectable fault because a contact between a tree and a conductor can, in real situations, be a result of transitory conditions, e.g. wind. Another fact contributing to the difficulty in detecting this type of fault is the minimal area of conductor damage and the corresponding minimal occurrence of PDs in the fault location. By further analysing the pulse component of the generated PD-pattern in the fault location, we determined the following indicator values: n = 272 s −1 ; VTRMS = 68 mV.
Considering the exceeded indicator threshold values, selectivity and sensitivity of the methodology as well as the fault detector functionality were verified. Changing of the measured signal in time, shown below (Fig. 7b) , clearly indicates that over a period of 0.06 s no PD occurred. This lack of PD was caused by an imperfect connection between a tree branch and CC. The fault detector evaluates faults continually; therefore, this transient effect on the general selectivity of fault detector is eliminated. The second simulated fault was the breaking off of a CC and the conductor's subsequent falling on the ground. The fault was simulated by connecting an SAX-W-type conductor (22-kV) to the overhead lines. The CC end was then placed down on the ground (Fig. 8a) . At the point of contact between the conductor and the ground, PDs evolve and the voltage signal, which afterwards travels along the insulation of the conductor as a wave, is recorded by the fault detector. This type of fault is easily detected; therefore, in the step the conductor was placed on the ground covered with grass. The contact with the ground was partly weakened by grass. Fig. 8b shows the PD-pattern recorded after using the IIR Butterworth filter; the measured values were: n = 174 s −1 ; VTRMS = 68 mV. To provide a general summary of the measured values, we created a table of climatic conditions (Table 1) and a table of chosen fault indicators (Table 2 ). As shown in Table 1 , the measurements were performed in unfavourable weather conditions. Thus, if the temperature was approximately equal to zero and humidity was high, we presumed the occurrence of PD in overhead lines in the form of a corona. Coronas frequently occur in areas of high local electrical gradients, where inhomogeneous electrical fields are generated, such as sharp edges, bushings, connectors and other construction parts of overhead lines. Table 2 shows that the highest Brought to you by | Technicka Univerzita Ostrava Authenticated Download Date | 7/24/17 8:33 AM frequency values n occurred during a contact between a tree branch and a phase conductor (fault no. 1). The high values were caused mainly by the fact that tree bark was soaked with water; thus, when the conductivity increased, the PD activity increased as well. When the conductor fell on the ground, we presumed that the highest energy of the PD voltage pulses occurred; thus, the VTRMS value was also the highest of all the measured values in this case. 
Long-term measurement of medium-voltage (22 kV) overhead lines with CCs
After long-term experimental measurements, the fault detector was put into operation on MV (22 kV) overhead lines with CCs. During its operation in May and October, the fault detector sent to the local CC overhead lines' operator a warning report indicating that the threshold values of indicators had been exceeded . In particular, the following values were measured by the detector: n = 150 s −1 (150 > 100) and VTRMS = 42mV (42 > 39) of PD-pattern. At first, during May, the breakdown service of distribution system operator made a round along MV overhead lines with CCs and detected a fault in a site at a 3 km distance from the detector. The breakdown service detected falling of a tree branch across three phases.
The observed values (VTRMS and n) were analysed step by step every day and the mean value of these data was evaluated at the end of individual month. Next, the tangent of these values was evaluated, too. The graphical output of this analysis for VTRMS and n can be seen in Fig. 9 . From these graphical outputs a decrease in PD activity after elimination of the fault is evident until July. However, the second warning report was sent by the detector during October, when the threshold values (VTRMS and n of PD-pattern) were exceeded again. The breakdown service of distribution system operator made a round along MV overhead lines with CCs again. However, no fault in CCs has been found. Nevertheless, the detector sent the warning report because the threshold values (VTRMS and n of PD-pattern) were exceeded. The PD-pattern from the detector is shown in Fig. 10b (red line -left axis) .
Therefore, the breakdown service scanned the overhead lines with CCs in more detail using a corona camera and detected a fault in the same place as the previous fault. A photo illustrating the fault is presented in Fig. 10a . From this photo there is visible a damage on the CC surface. This damage was caused by the PD activity of the previous fault when a tree branch fell across three phases. This fault was cleared by the breakdown service during May. However, the insulation system of CC at the contact point of a tree branch with the insulation system had already been degraded. This degradation of the insulation system stopped during the summer months when high temperatures in the surroundings of CC caused "softening" of the insulation system and these small ruptures in the insulation system were eliminated. The opposite effect was caused during the autumn and winter months when the insulation system dried out and became more brittle as a result of low temperatures and low values of relative humidity. Therefore, the PD activity increased and degradation of the insulation system increased. The damaged line with CC was changed and − to prevent another similar accident − the trees in the area occupied by the MV overhead lines were trimmed. As a result, the PD activity (see Fig. 10b -green line -right axis) and monitored values (VTRMS and n of PD-pattern) decreased immediately (see Fig. 9 ) after executing these corrective and preventive steps. 
Conclusion
A system for detecting faults in overhead lines with CCs was designed based on a methodology developed by the research team at VŠB-Technical University of Ostrava. Prior to the construction of the fault detector, a number of experimental measurements [7, 8] and mathematical calculations using non-linear multi-physical programs (Lab View, ATP-DRAW, ANSYS) were carried out. Based on the results of these measurements and mathematical simulations, a fault detector prototype was constructed. The detector's functionality was tested by the long-term measurement of real MV overhead lines with CCs. During the measurement process, the performance of particular CC fault indicators defined in the research part of the project was gradually verified. Using these results, the evaluation component of calculating algorithm of the fault detector prototype was optimized. The fault detector was powered by storage batteries recharged by solar panels.
Based on the test results obtained for the fault detector by long-term measurements in real conditions, the ability of the detector to operate in the autonomous mode was successfully verified. The indicator threshold values applied to a signal on occurring a fault in MV overhead lines with CCs were specified. The fault detector is able to specify faults based on the measured threshold frequency values and the True Root Mean Square value of the electrical stray field voltage signal around the conductor. The fault detector recognizes faults in the overhead lines and sends a signal informing about the faults to the central computer. Further confirmation of the fault detector's ability to detect faults was obtained when the fault detector was put into operation. When the overhead lines were checked, it was observed that the cause of the detected fault was a tree branch that had fallen across all three phases of the lines. The fault caused partial damage to the conductor insulation, but due to the timely warning, there was no interphase short-circuit. Thus, the faults could be cleared within a short time, and more serious damage that could possibly cut the power supply to consumers could be prevented. Moreover, the repair costs were reduced.
In this study, we not only achieved the project objectives of producing a fault detector prototype and verifying its performance, but we also gathered a significant amount of information about the discharge activity of various insulation systems in various climatic conditions. This information can be used in developing other methods of protecting CCs as well as all other types of outdoor overhead lines and cable lines, and even insulation systems of other devices. In the future research, we aim to enhance the measurement quality of the fault detector, so that it is able to specify the location and type of faults that are detected.
